Faults in the subsurface can be an avenue of, or a barrier to, hydrocarbon flow and pressure communication. Manual interpretation of discontinuities on 3D seismic amplitude volume is the most common way to define faults within a reservoir. Unfortunately, 3D seismic fault interpretation can be a time-consuming and tedious task. Seismic attributes such as coherence help define faults, but suffer from "staircase" artifacts and non-fault related stratigraphic discontinuities.
INTRODUCTION
Identification and mapping of faults is the first step in seismic structure interpretation in both conventional and unconventional plays. The identification of major and subtle faults is critical to identify potential drilling hazards, and understand the orientation and intensity of potential natural fractures. For large datasets, handpicking faults is time-consuming, such that any means to accelerate the process is attractive. Major faults are easily seen and picked by experienced interpreters in areas of the seismic volume exhibiting a relatively good signal-to-noise ratio; however, in other areas, more subtle faults are masked by noise. Twenty years after the introduction of coherence, developing an accurate and sensitive fault attribute remains an ongoing challenge.
Coherence measurements that detect structural discontinuities are normally used to assist fault interpretation in 3D seismic survey. Fault detection algorithms fall into two categories. The first category selects the sampling window without considering volumetric dip and azimuth. Barnes (1996) and Luo et al. (1996) use complex trace analysis to detect faults and stratigraphic boundaries in 3D seismic data. The gradient structure tensor (GST) is proposed to detect discontinuities by utilizing the eigenvector that corresponds to the largest eigenvalue (Bakker et al., 1999; Fehmers and Hoecker, 2003) . Wu (2016) improves the fault detection performance of GST based coherence by using the directional structure tensors. The second category employs the volumetric dip and azimuth to compute coherence. The cross-correlation shifts traces by an assumed dip (Bahorich and Farmer, 1995) . Marfurt et al. (1998) generate the coherence algorithm by computing semblance in a suite of windows aligned with candidate reflector dips. Marfurt et al. (1999) generate the coherence algorithm by using the Eigenstructure of seismic traces along the reflectors dip. The semblance-based coherence is further improved by employing a multiple F o r P e e r R e v i e w window Kuwahara filtering (Marfurt, 2006) . Luo et al. (2002) and Wang et al. (2008) use seismic volumetric dip and azimuth to detect sharp edges by using edge-preserving smoothing. Donias et al. (2007) detect and isolate faults from noise by using the steered data-analysis window over a set of dip and azimuth directions. Hale (2009) and Wu and Hale (2016) enhance the performance of fault surface extraction of semblance-based coherence by using fault-oriented smoothing. Qi et al. (2017) propose a new way to compute the energy-ratio coherence for azimuthally limited comprehensive data volumes. Other methods, such as gradient magnitude (Aqrawi and Boe, 2011), fault likelihood (Hale, 2013) , and geosteering phase attributes (Yuan et al., 2018; Wang et al., 2018) , have been proposed to detect structural discontinuities.
Several researchers have proposed methods to improve the quality of coherence attributes. Qi and Castagna (2013) detected the faults of Barnett shale by applying principal component analysis to the seismic attributes. Zhang et al. (2014) improved the coherence attributes by using a vein pattern recognition algorithm. Qi et al. (2017 Qi et al. ( , 2019 built a workflow to enhance and skeletonize coherence fault images along fault planes. Wu and Zhu (2017) highlighted fault positions and construct fault surfaces by applying 2D exponential filters to the precomputed fault attribute volumes.
In this paper, we develop a new method to minimize the staircase artifacts and undesired stratigraphic anomalies using a local fault model. We begin with illustrating how to compute the new fault attributes by using a local fault model. We then demonstrate the effectiveness of our workflow by applying it to a synthetic data and two real seismic data acquired over the offshore Netherlands (F3) and the marine New Zealand (Kerry 3D), respectively. 
METHOD
To minimize the effect of staircase artifacts and undesired stratigraphic discontinuities on fault analysis in the seismic image, we propose a method (Figure 1 ) to generate the fault attribute using a local fault model. Our method assumes that we have a local fault plane passing through each analysis point. We obtain the dip and azimuth of the fault plane by rotating the fault plane along a set of discrete dip and azimuth. We obtain the fault probability at the analysis window by statistically evaluating the computed coherence for each candidate fault.
Coherence computation using a local fault model
Our method begins by defining a set of assumed fault planes centered about the analysis point. We generate the assumed fault planes by defining the minimum, maximum, and increment The left and right sub-windows is composed of red and blue seismic data, respectively. The yellow surface in Figure 3 shows a representative assumed fault plane in 3D. The red and blue traces in Figure 3 form two separate sub-analysis windows.
We then compute the semblance-based coherence S for each sub-window by considering the local reflector's dip (Marfurt et al., 1998) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 4a is the maximum value of . The X-axis of the red star is the + ℎ actual fault dip for this analysis point, and it is same as the dip of the proposed fault that is coincident with the actual fault in Figure 2c . The red star indicated by the yellow arrow in Figure   4b is the corresponding to the maximum in Figure 4a . We treat the + 
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We further analyze the statistical features for the computed at the analysis + 
where is the outputted of analysis points; is the fault probability confidence of analysis C c f points; is the number of candidate faults where value exceeds a user defined
is the total number of candidate faults.
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Fault probability smoothing along the fault plane
We smooth the fault probability along the estimated fault plane for every sample to further improve the continuity and minimize the noise of the fault attributes. The smoothing process aims to connect points that belong to the same fault plane. We define a smoothing window centered at the analysis point using the calculated fault dip and azimuth of this sample. We then accumulate the fault probability of samples on the smoothing window using the Cosine window . The
, with 
RESULTS
To demonstrate the superiority of our proposed method, we apply it to a 2D synthetic and two 3D real seismic data. The synthetic data consists of a reverse fault and X-shaped faults with continuous and parallel seismic reflection events. The real seismic data are from the F3 block, offshore Netherlands, and the Kerry 3D survey within the Kupe field of Taranaki basin, New Zealand.
Comparative analysis for a noisy synthetic seismic data
We first apply our proposed method to the synthetic seismic data shown in Figure 8a . Figure 8b shows the result of semblance-based coherence. Note that noticeable staircase artifacts (blue arrow) and stratigraphic anomalies (green arrows) shown in Figure 8b . The semblance-based coherence also fails to highlight the fault in noisy zones indicated by the red arrows in Figure 8b .
However, the new fault attribute computed using our proposed method successfully highlights the faults indicated by the red arrows in Figure 8c . The blue and green arrows in Figure 8c indicate that the staircase artifacts and stratigraphic anomalies are minimized using our proposed method.
Comparative analysis for F3 block seismic survey
We then apply our proposed method to the 3D seismic data set in the offshore Netherlands (F3). The F3 seismic survey consists of 550 inlines and 800 crosslines with a sample increment of 4 ms, and a 25m by 25m bin size. Figure 9a shows a chair display through the seismic amplitude Figures 9b and 9c show the result of semblance-based coherence and our new fault attribute overlaid on seismic data, respectively. The semblance-based coherence fails to highlight the fault in noisy zones indicated by red arrows shown in Figure 9b . Note that we have a more continuous fault attribute in noisy zones indicated by the red arrows in Figure 9c . Purple arrows in Figure 9b and 9c indicate that our proposed method enhances fault attributes both in vertical sections and on time slices. The staircase indicated by the blue arrows are minimized using our proposed method.
Comparative analysis for Kerry seismic survey
Our second test real data is the Kerry from the New Zealand Petroleum and Minerals (NZPM). This data set consists of 700 crosslines and 250 inlines with a time increment of 4ms, and a 25m by 25m bin size. Figure 10a shows the chair display of the seismic data. The Figures   10b and 10c show the semblance-based coherence and our fault attribute overlaid on the seismic data, respectively. Our proposed method minimizes the staircase artifacts and stratigraphic anomalies, which are obvious in semblance-based coherence, indicated by blue and green arrows in Figure 10b and 10c, respectively. The semblance-based coherence fails to detect faults in the area with low signal to noise ratio indicated by the red arrows in Figure 10b . In contrast, our proposed method generates more continuous fault attribute indicated by the red arrows in Figure   10c . The fault attribute generated using our method are more continuous and have stronger response in the area with low signal to noise ratio. Thus, our proposed method is superior to conventional coherence method in enhancing faults and depressing staircase artifacts and stratigraphic anomalies. 
DISCUSSION
We assume each analysis sample within the seismic survey may belong to a fault surface with a single fault dip and azimuth. We obtain the "best" local fault plane by analyzing the coherence of windowed seismic data divided by the local fault plane. The time analysis window size of coherence computation is one of the most critical parameters in our method and we suggest the time analysis of coherence computation window size should approximately equals to the time duration of one reflection event. The time analysis window size of fault attribute enhancement is another important parameter in our method and we suggest the time analysis window size of fault attribute enhancement should approximately equals to the length of the smallest faults planes within the seismic survey. Our fault model assumes the fault plane is locally planar. Thus, our method cannot properly address the intersecting points of the X-shaped faults (Figure 8 ). The deep learning based edge detection method might be a better solution to highlight the X-shaped faults.
CONCLUSION
We propose to calculate the fault attribute using a 3D scanning strategy constrained by a local fault model. Our proposed method successfully minimizes staircase artifacts and stratigraphic anomalies and generates more continuous fault attribute. The proposed method also precisely highlights faults in the seismic image and has better anti-noise performance. The fault attribute generated using our proposed method is more continuous along the fault plane in the inline and crossline sections when compared to that of semblance-based coherence. However, the computation cost of our proposed method is higher than that of semblance-based coherence. The computation cost is proportionally increasing with the number of hypothesized local fault plane.
The number of hypothesized local fault plane equals the product between the number of discrete dip and the number of azimuth of local fault plane. The discrete dip and azimuth of fault plane in Wu, X., 2016, Directional structure-tensor based coherence to detect seismic channels and faults:
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